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Abstract
Global connectivity cannot be guaranteed by terrestrial net-
works due to the lack of infrastructure in rural areas. Nei-
ther can satellite networks assure this due to lack of signal
penetration and capacity coverage issues in densely popu-
lated areas. To bridge this gap, we propose an Orthogo-
nal Frequency Domain (OFDM) based hybrid architecture
where users are provided service by existing mobile net-
works in urban areas and are served by satellite in the ru-
ral areas. In such a system terrestrial and satellite networks
can reuse the portion of spectrum dedicated to each of these
systems resulting in significant increase in overall capacity,
wider coverage and reduced cost. This frequency reuse in-
duces severe Co-Channel Interference (CCI) at the satellite
end and our work focuses on its mitigation using OFDM
based adaptive beamforming.
1 Introduction
The evolution of multimedia services and applications
has driven research for higher capacity communication
networks with advanced antenna systems signal processing
as a favourable solution. However, higher data rates alone
do not produce an efficient communication network and
neither can it guarantee a rich customer base. The task
of providing service to people “whenever needed” and
“wherever needed” is an attribute of a future successful
communication network.
The need for such global connectivity puts significant
pressure on the networks. Stand-alone terrestrial systems
cannot guarantee this due to lack of infrastructure in
rural areas. Neither can satellite networks guarantee this
due to lack of signal penetration and capacity coverage
issues in densely populated areas. This motivates the
consideration of location/demand-based hybrid networks,
where terminals can enjoy terrestrial coverage in urban
areas and be served by satellite links as they move to rural
areas. In such a system terrestrial and satellite networks
can also reuse the portion of spectrum dedicated to each
system resulting in significant increase in overall capacity.
The service provisioning by two different technologies
should be transparent to the end-user, in the sense that the
same mobile terminals should work with both terrestrial as
well as satellite networks. Enabling of such transparency
would require a powerful satellite receiving end in order
to ensure required link margin. Such a complimentary
and transparent architecture offers lower cost, higher data
rates, increased network capacity and wider coverage.
This hybrid architecture with frequency reuse introduces
severe CCI, which is a major impediment to the realisation
of high capacity systems. Owing to the nature of hybrid
systems, CCI from the mobile to the satellite becomes more
significant and thus dominates the system performance.
A Code Division Multiple Access (CDMA) based hybrid
architecture with similar structure has been pursued by Mo-
bile Satellite Ventures (MSV) [4]. The MSV architecture
provides coverage in rural areas via the satellite network
and in urban areas via Ancillary Terrestrial Components
(ATCs) but does not utilise the existing terrestrial networks.
To enable transparency two satellites are deployed and
space diversity is used to ensure the required link margin
[5]. To mitigate CCI introduced by transparency, CDMA
based adaptive beamforming [5, 12] is proposed. However,
demand of higher data rates has motivated research for 4th
Generation (4G) terrestrial networks. These networks, such
as the one proposed by 3GPP LTE are based on OFDM
due to its higher bandwidth efficiency and robustness
against Inter Symbol Interference (ISI). For a hybrid
network to offer 4G services in a transparent and seamless
manner, the technology used for the satellite and terrestrial
coverage must be similar, if not identical. Moreover, using
adaptive beamforming in an OFDM based system yields
better performance due to the possibility of using different
beamforming weights for each sub-carrier. Hence for
more robustness, higher capacity and compatibility with
next generation high data rate networks, an OFDM based
mobile satellite architecture will be needed in the future.
For an OFDM system, broadly two categories of adaptive
beamforming are found in the literature applied in terres-
trial system, Pre-Fast Fourier Transform (Pre-FFT) [6] and
Post-Fast Fourier Transform (Post-FFT) beamforming [9].
However most of the work in the literature is focused on
terrestrial systems. There is some work for satellite sce-
narios [4, 5, 12] but it is focused on CDMA based system.
Most of the work relating to terrestrial scenarios assumes
AWGN channel conditions. Others considering practical
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Figure 1: Hybrid System Scenario
channel models neither relate to the mobile satellite sce-
nario [1, 7, 10, 8] nor to moderate or high user mobility.
In the case of frequency selective channel models, there is
an interplay between beamforming and channel estimation.
Their inter-relation is an area yet to be explored. This pa-
per focuses on the investigation of proposed OFDM based
hybrid mobile satellite architecture in satellite channel sce-
narios and to study the interaction between beamforming
and channel estimation specific to the satellite scenario.
2 Hybrid Mobile Satellite System Model
In this section, we discuss the proposed hybrid architecture
and the system model devised to investigate the system per-
formance.
2.1 Hybrid Mobile Satellite Scenario
The system scenario depicted in Figure 1 is of the OFDM
based hybrid architecture discussed in the previous section.
It can be seen that users in rural area are served directly by
satellite spot beams while those in urban areas utilise the
existing terrestrial networks. In this way, satellite networks
need no additional infrastructure of their own to support
users in cities. On the other hand terrestrial networks need
not consider the service provisioning outside cities; this is
taken care of by the satellite. Both networks utilise each
others spectrum in their respective region of operation
resulting in higher capacity, true global coverage and
considerable reduction in cost.
With respect to this system, the main task is to mitigate up-
link CCI that is induced by mobile terminals due to reuse
of satellite link frequencies and we focus on the uplink
from the perspective of the satellite. Each link from termi-
nal to satellite is modelled as Single Input Multiple Output
(SIMO). There are a total of J users in the system, with one
desired user being served by the satellite and the rest inter-
fering users being served by the terrestrial network. The
transmitted signal passes through a multi-tap time selective
mobile satellite wireless channel. At the satellite end, Pre-
FFT based adaptive beamforming is used to mitigate uplink
interference. We assume that no pilot or frequency offsets
exist in the system and the users utilise the same frequency
band for transmission hence they completely overlap in the
frequency domain.
2.2 OFDM System Model
Figure 2 illustrates the block diagram of the OFDM sys-
tem with beamforming at the satellite end. At first random
data is generated which is followed by QPSK modulation.
The data is mapped together with pilots at known locations.
Taking one symbol at a time, the output in frequency do-
main of a multi-user scenario can be represented as:
x˜j = [x˜(1, j), x˜(2, j), . . . , x˜(N, j)]
T (1)
where x˜(n, j) represents the nth sub-carrier of the jth user,
n = 1, 2, ..., N , j = 1, 2, ..., J and (·)T denotes the trans-
pose operation. x˜j denotes jth column of matrix X˜. The
OFDM symbol is then transformed into the time domain
which can be expressed as:
xj = F
H x˜j (2)
where xj = [x(1, j), x(2, j), . . . , x(N, j)]T is the OFDM
symbol in time domain and,
F =


1 1 · · · 1
1 e−j2pi(1)(1)/N · · · e−j2pi(1)(N−1)/N
.
.
.
.
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.
.
.
.
.
.
1 e−j2pi(N−1)(1)/N · · · e−j2pi(N−1)(N−1)/N

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(3)
F represents the FFT operation matrix and (·)H represents
the Hermitian transpose. After transformation of the signal
to the time domain, a cyclic prefix is appended where last
G elements of the OFDM symbol are copied to the start.
This is done to combat ISI. Using Equation (2), the guard
interval insertion process can be represented as:
x¯j =
[
IN,G
IN
]
FH x˜j (4)
where x¯j = [x(N−G+1, j), x(N−G+2, j), . . . , x(N−
1, j), x(N, j), x(1, j), x(2, j) . . . , x(N, j)]T is the final
OFDM symbol to be transmitted. IN,G contains the last G
rows of size N identity matrix IN . The output x¯j is passed
to the Parallel-to-Serial (P/S) convertor. Here data is trans-
formed to serial format, x¯j [k], and is then transmitted over
the multi-tap time selective wireless channel. The effect of
the channel can be presented as:
y¯j [k] = x¯j [k]⊗ hj [k] (5)
Here k denotes the time index. After passing through the
channel, signals from desired and interference sources are
received. The received signal matrix for one OFDM sym-
bol at the satellite antenna elements, after removal of cyclic
prefix, can be expressed as:
V = AYH +B (6)
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Figure 2: OFDM System Model
Here, a(s, j) is the array response for the sth an-
tenna elements and jth user of matrix A is given as
e−j2pi(s−1)da sin(θj)/λ. s = 1, 2, . . . , S are the total number
of satellite antenna elements, da is the inter-element
spacing, θj is the Director-of-Arrival (DOA) of the jth
user and λ is the carrier wavelength. We model a linear
array hence the inter-element spacing da is λ/2. y(s, j)
is the received signal for the sth antenna element and jth
user of matrix Y . Similarly b(s, n) and v(s, n) is the
noise, and beamformer’s output at sth elements and nth
OFDM sub-carrier of matrix B and V respectively. Noise
is independent and identically distributed Gaussian with
zero mean and σ2 variance.
2.3 Adaptive Beamforming with Channel Estimation
To mitigate CCI, the output of the array is processed by the
adaptive beamformer where complex weights are applied,
which can be written as:
r = wHV (7)
where r = [r(1), r(2), . . . , r(N)] is the weighted ouput of
the beamformer and w = [w(1), w(2), . . . , w(S)]T are the
complex weights for the antenna elements. This is followed
by Serial-to-Parallel (S/P) conversion and transformation of
beamformer output to the frequency domain, which can be
expressed as:
r˜ = FrH (8)
Here r˜ = [r˜(1), r˜(2), . . . , r˜(N)]T is the received OFDM
symbol in the frequency domain. The proposed architecture
utilises a single weight per antenna element in the multi-
path fading environment, in which different fading exists
across OFDM sub-carriers. Hence r˜ cannot be decoded di-
rectly and channel estimation is essential to alleviate perfor-
mance degradation. Several channel estimation techniques
can be employed [2]. In our purposed architecture, we em-
ploy the Least Squares (LS) algorithm. Representing the
channel transfer function at the pilot locations, we get:
h˜(ξp) = diag {x˜pd}
−1
r˜p (9)
where ξp = [ξ1, ξ2, . . . , ξP ] is a vector repre-
senting pilot frequencies and P are total number
of pilots. h˜(ξp) = [h˜(ξ1), h˜(ξ2), . . . , h˜(ξP )]T ,
r˜p = [r˜(ξ1), r˜(ξ2), . . . , r˜(ξP )]
T and x˜pd =
[x˜(ξ1, d), x˜(ξ2, d), . . . , x˜(ξP , d)]
T represent the chan-
nel transfer function, received and transmitted data
corresponding to the desired user d at pilot sub-carriers
respectively. The notation diag{·} represents a matrix
formed by putting elements of the vector at the diagonal
entries of the matrix with zeros at all off-diagonal entries.
Estimates h˜(ξp) are then linearly interpolated to find
the channel transfer function at data locations, and the
interpolated vector can be expressed as h˜. This is then used
to cancel the channel effect on the receive signal, which
can be presented as:
r˜e = diag
{
h˜
}
−1
r˜ (10)
where r˜e = [r˜e(1), r˜e(2), . . . , r˜e(N)]T can be directly de-
coded to retrieve the transmitted data for each symbol. For
the next symbol, beamformer computes the error vector be-
tween transmitted and received pilot sequence of the de-
sired user at the beamformer’s output. Based on this error
vector, MSE based adaptive algorithm is used to update the
beamformer weights for the next OFDM symbol. The error
vector can be expressed as:
e˜p = r˜p − x˜pd (11)
The error vector obtained is in the frequency domain
whereas beamforming is performed in the time domain.
Hence this error vector needs to be transformed into the
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Figure 3: Power Delay Profile
time domain. This frequency-to-time error transform can
be presented as:
ep = FHp e˜
p (12)
Here e and e˜p are the error vectors in time and frequency
domain respectively. Fp can defined as the frequency-to-
time transform matrix.
Fp =


1 · · · 1
e−2pi(ξ1)(1)/N · · · e−j2pi(ξP )(1)/N
.
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.
.
.
.
.
.
e−j2pi(ξ1)(N−1)/N · · · e−j2pi(ξP )(N−1)/N


(13)
After calculation of the error vector, we implement the
widely used complex Least Mean Square (LMS) algorithm
[3] to update the complex weights of the beamformer.
w(l + 1) = w(l) + 2µV(l)ep(l) (14)
where l = 1, 2, . . . , L relates to the lth OFDM symbol with
which weights will be computed for the next symbol and
µ represents the LMS adaptive step size. This process is
repeated until all desired user data has been extracted.
3 Performance
In this section we first outline transceiver parameters,
discuss the mobile satellite channel model and then analyse
the results. With regard to the transceiver parameters, a
SIMO OFDM system with one transmit antenna and 5,9
receive antenna is used. Source data is modulated using
QPSK with signal bandwidth and centre frequency being 5
MHz and 3 GHz respectively. Total OFDM sub-carriers per
symbol were 32 with sub-carrier 1,8,16,24,32 dedicated
for pilot transmission. The desired user with respect to the
satellite is at 40◦ whereas two interference users are located
at -20◦ and 70◦. The power of interferers is set to -10 dBW
and µ (LMS step size) is taken as 0.0007. The multi-path
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Figure 4: BER vs desired user SNR for two environments
with change in antenna elements, Mobile speed=3 kmph.
Case 1 Outdoor Rural
K-Factor=10 dB
Tap Index Relative Delay [ns] Power Loss [dB]
1 0 91.9
2 195.3 106.3
3 260.4 110.1
4 846.3 112.5
5 1171.9 110.2
6 1953.1 112.5
7 2734.3 112.5
Case 2 Outdoor Urban
K-Factor=7 dB
Tap Index Relative Delay [ns] Power Loss [dB]
1 0 91.8
2 130.2 100
Table 1: Channel Parameters
time selective channel model with parameters specific to
mobile satellite scenario is modelled in order to analyse
the system performance. The multi-path phenomenon
is modelled as a linear Finite Impulse-Response filter
with multiple taps and time selectivity of the channel is
modelled using Jakes model [11]. Moreover we model
the fading in case of satellite with Line-of-Sight (LOS)
present as Rician. The channel parameters for two cases
are presented in Table 1 and their respective Power Delay
Profiles (PDPs) are plotted in Figure 3. These parameters
were measured as part of the MAESTRO project [13].
In our first scenario, we chose pedestrian mobile speed with
both cases to study the effect of the environment. Figure 4
presents the results and compares system performance in
terms of Bit Error Rate (BER). We observe degradation in
system performance as the user moves from rural to an ur-
ban area. This is attributed to a lower Rician K-factor and
more frequency selective channel corresponding to the ur-
ban area. However, if the number of antenna elements are
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Figure 5: BER vs desired user SNR for two Schemes with
change in antenna elements, Mobile speed=3 kmph.
increased from 5 to 9 in the same scenario , an improve-
ment in BER performance is observed. In practice, user
speeds are higher and evaluation of performance in such
context is needed. Moreover we will explore the interac-
tion between beamforming and channel estimation. The
beamformer task is to converge to the desired user whereas
the channel estimation algorithm tries to alleviate the per-
formance degradation due to the multi-path time selective
channel. Hence we model two schemes; in scheme I chan-
nel estimation is not employed and all the processing is with
the beamformer whereas in scheme II channel estimation
aids the beamforming process before the desired user data is
decoded. Figure 5 shows the results for both schemes when
the user is moving with a speed of 3 kmph. It is observed
that scheme II outperforms scheme I with 5 antenna ele-
ments. With 9 elements, the trend is the same however the
performance difference is less between the two schemes.
This highlights the role of channel estimation in terms of
it’s impact on system performance. Figure 6 presents re-
sults for a similar scenario but whilst keeping antenna el-
ements constant and investigating the effect of schemes at
different user speeds. We observe that at low speed, perfor-
mance difference between the two schemes is large. How-
ever as the speed is increased to 60 kmph, the overall per-
formance degrades but interestingly performance difference
amongst the schemes drastically reduces. This indicates
that with higher user speed, the Inter Carrier Interference
becomes large and difficult for the beamformer and chan-
nel estimator to handle.
4 Conclusion
In this paper we propose an OFDM based hybrid architec-
ture where satellite and existing mobile terrestrial networks
amalgamate in a transparent fashion. Adaptive beamform-
ing is then utilised to mitigate uplink CCI arising due to fre-
0 2 4 6 8 10 12 14 16 18 20
10−3
10−2
10−1
Desired User SNR (dB)
BE
R
 
 
Scheme I,  3 kmph
Scheme II, 3 kmph
Scheme I,  60 kmph
Scheme II, 60 kmph
Figure 6: BER vs desired user SNR for two Schemes with
change in mobile speed, Antenna elements = 5.
quency reuse. We investigate this system in rural and urban
environments with different schemes and mobile speeds to
evaluate system performance. The simulation results show
an improved system performance with increase in antenna
elements. This was expected since more elements translate
to better interference mitigation. In addition, as the user
travels from rural to an urban area, degradation in perfor-
mance is observed. We also explore the interplay between
beamforming and channel estimation by applying two dif-
ferent schemes. We find that even though the beamformer
tries to converge to the desired user, it is not able to can-
cel the channel effect. Thus channel estimator is essential
and the beamformer alone cannot produce acceptable per-
formance.
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